In order to produce aluminum foams with designed density distribution, a deposition process of aluminum foam is examined. The precursor is made with the mixture of aluminum powder and a blowing agent, and it is heated, extruded with foaming and deposited onto the foam. In the density distribution of an aluminum foam bar made by the deposition process, high density area is found at the connection between the deposited foams. The combination of extrusion with foaming and without foaming makes clear variation of density within the deposited foam.
INTRODUCTION
Metal foams and porous materials with a cellular structure have unique characteristics, such as light weight, impact absorbing, thermal insulation and acoustic insulation [1] . Their physical and mechanical properties are attractive in automotive, aerospace, marine, aircraft and construction industries [2, 3] . The manufacture, properties and applications of metal foams have been studied over the last decades for using as a light-weight structural or multi-functional material [4] .
The practical processes for producing metal foams are the melt route and the powder metallurgy route. In the melt route, metal foams are made from molten metal by injecting gas bubbles or adding a blowing agent after increasing the viscosity of the liquid. These processes are suitable for mass production of metal foams with a regular shape like block and bar. The process parameters of foaming temperature and stirring speed of the liquid could affect the morphology of pore [5] . In the powder metallurgy route, metal powder mixed with a blowing agent is compacted to form a foamable precursor. Then the precursor is heated and formed to metal foam in a furnace [6] . Metal foams can be formed with a mold in this route.
The applications of metal foams are still limited because metal foam itself cannot be used as a structural material due to low density. Solid parts like a plate or pipe are needed to use metal foams as an aluminum foam sandwich panel. In order to make metal foams products with high and low density parts for wide applications in engineering, a deposition process of aluminum foams by extruding and foaming is examined. Aluminum precursor is heated in a pipe and extruded with foaming, and then aluminum foams are deposited on the foam so as to change the density in the foam. The process parameters of the deposition are investigated and an aluminum foam bar with a bamboo structure is made. Fig. 1 shows the experimental equipment for deposition process of aluminum foam by extruding and foaming. The equipment is composed of the pipe for foaming, the ceramic heater for preheating, the IH coil for foaming and the stage. The pipe for foaming of aluminum was a stainless pipe of 10 mm in diameter and the inside surface was sprayed with Boron nitride powder to avoid seizing. The aluminum precursor including a foaming agent was put from the top of the pipe, and then it was heated to a temperature of 500 o C by the ceramic heater and a higher temperature to foam by the IH in the vicinity of the pipe bottom. When the aluminum precursor started foaming, it was extruded onto the stage down in the deposition process. The temperature of the pipe was measured at a position of 5 mm from the exit with a thermocouple of K type and controlled to be a constant.
EXPERIMENTAL EQUIPMENT
Aluminum alloy powder used in the experiment was A6061 in JIS. The chemical composition of the aluminum powder is shown in Table 1 . TiH 2 powder was added in the aluminum powder by 1 mass% as a blowing agent. The mixed powder was compacted by a pressure of 122 MPa in the container and extruded at a temperature of 400 o C to make a precursor bar of 10 mm in diameter. 
SINGLE EXTRUSION AND FOAMING
To find appropriate conditions for making aluminum foams in the experiment, an aluminum foam bar was made by single extrusion. The stroke in extrusion with foaming was 60 mm, and the temperature of the pipe end and the extrusion speed were varied from 670 to 690 o C and from 70 to 140 mm/min, respectively. When the temperature of the pipe end was high and the extrusion speed was slow, the precursor was overheated and the extruded aluminum foam collapsed on the stage due to gravity. On the other hand, the precursor could not expand enough in the case of low pipe temperature and high extrusion speed. An aluminum foam bar of average density 0.62 g/cm 3 was obtained at a pipe end temperature of 670 o C and an extrusion speed of 120 mm/min.
The density distribution of the aluminum foam bar obtained by single extrusion and foaming is shown in Fig. 2 . The low density area is in the middle of the bar and the high density area exists around the top and bottom of the bar. It is considered that the stroke in extrusion of the foam should be short for the deposition process because the density of the foam extruded at a short stroke could be close to uniform. 
DEPOSITION OF ALUMINUM FOAM
In order to make an aluminum foam bar with variation of high and low densities like a bamboo structure, deposition of aluminum foam was examined. The extrusion and foaming process to make aluminum foam was carried out at a temperature of 670 o C and an extrusion speed of 120 mm/min. The stroke in extrusion was 20 mm, so that the solid precursor of 20 mm in length was considered to be foam. In the deposition process, the first aluminum foam was extruded on the stage and the induction heating was stopped. The aluminum foam on the stage and the pipe end were cooled down for a while. When the temperature of the pipe end decreased to 600 o C, the induction heating was started again. The exit temperature reached 670 o C, and then the extrusion and foaming of aluminum was carried out and aluminum foam was deposited on the previous foam. These processes were repeated 3 times and an aluminum foam bar was made. Fig. 3 shows the density distribution of the aluminum foam bar made by the deposition process. The density of the foam was measured at every 10 mm in height by cutting the foam bar. The high density is more than 1 g/cm 3 and the low density is around 0.53 g/cm 3 . The average density of the whole is 0.77 g/cm 3 . It is not clear but the high density part is likely to the connection area between the extruded foams. The extruded foam has solid skin and the density of skin is higher than inside. When the second foam is deposited on the first one, the top part of the first foam close to the pipe exit is also heated and expands again. It could be said that the density at the connection of the foams in the deposition process could be high, but the variation of high and low densities could not be clear. 
DEPOSITION OF ALUMINUM FOAM INCLUDING NO HEATING PART
To make clear variation of high and low densities within the foam bar, the extrusion of the precursor without heating was examined in the deposition process. The extrusion without heating was carried out in the cooling period, and the stroke in the extrusion without heating was 2 mm that was 10% of the stroke for the deposition of aluminum foam. The extruded part without heating is expected to be high density part that is not solid because the extruded part expands due to heat conduction. Fig. 4 shows the aluminum foam bar made by the deposition process including no heating part. The indicating areas are the extruded layer without heating. It is clearly seen that those layers are the high density areas. The foam bar was cut at every 10 mm and the densities were measured. The density distribution of the foam bar is shown in Fig. 5 . It is obvious that the high density areas coincide with the layers extruded without heating shown in Fig. 4 . The density of the layer extruded without heating is lower than 1 g/cm 3 , which means that the extruded precursor without heating expanded due to heat conduction in the process. The variation of high and low densities is clearer than that in Fig. 3 . It could be said that the density distribution of the aluminum foam bar is similar to that of bamboo.
CONCLUSIONS
In order to make metal foams products with high and low density parts for wide applications in engineering, a deposition process of aluminum foams by extruding and foaming was examined. Aluminum precursor was extruded with foaming and deposited on the previous foam. Although the density distribution of the deposited aluminum foam bar was not clear, the deposition process including no heating part made the distribution clear. The density distribution of aluminum foams could be arranged by the deposition process.
